The germination of Bacillus cereus T spore suspensions is partially prevented by several inhibitors of trypsin-like enzymes. Leupeptin, antipain, and tosyllysine-chloromethyl ketone are effective inhibitors, whereas chymostatin, elastatinal, and pepstatin are inactive. A synthetic substrate of trypsin, tosyl-argininemethyl ester, also inhibits germination. Its inhibitory effect decreases as a function of incubation time in the presence of spores and is abolished by previous hydrolysis with trypsin. Germinating, but not dormant, spore suspensions hydrolyze tosyl-arginine-methyl ester; its hydrolysis is insensitive to chloramphenicol, sulfhlydryl reagents, and EDTA. A crude extract of germinated B. cereus spores contains a trypsin-like enzyme whose activity, as measured by hydrolysis of benzoyl-arginine p-nitroanilide, is sensitive to germination-inhibitory compounds such as leupeptin, tosyl-arginine-methyl ester, and tosyl-lysine-chloromethyl ketone. Spore suspensions exposed to the above inhibitors under germination conditions lose only part of their heat resistance and some 10 to 30%o of their dipicolinic acid content. Part of the germinating spore population becomes "phase grey" under phase optics. Based on a study of the inhibition of germination by protease inhibitors and the activity of a protease in germination spores and spore extracts, it is suggested that the activity of a trypsin-like enzyme may be involved in the mechanism of the breaking of dormancy in spores of B. cereus T.
The germination of Bacillus cereus T spore suspensions is partially prevented by several inhibitors of trypsin-like enzymes. Leupeptin, antipain, and tosyllysine-chloromethyl ketone are effective inhibitors, whereas chymostatin, elastatinal, and pepstatin are inactive. A synthetic substrate of trypsin, tosyl-argininemethyl ester, also inhibits germination. Its inhibitory effect decreases as a function of incubation time in the presence of spores and is abolished by previous hydrolysis with trypsin. Germinating, but not dormant, spore suspensions hydrolyze tosyl-arginine-methyl ester; its hydrolysis is insensitive to chloramphenicol, sulfhlydryl reagents, and EDTA. A crude extract of germinated B. cereus spores contains a trypsin-like enzyme whose activity, as measured by hydrolysis of benzoyl-arginine p-nitroanilide, is sensitive to germination-inhibitory compounds such as leupeptin, tosyl-arginine-methyl ester, and tosyl-lysine-chloromethyl ketone. Spore suspensions exposed to the above inhibitors under germination conditions lose only part of their heat resistance and some 10 to 30%o of their dipicolinic acid content. Part of the germinating spore population becomes "phase grey" under phase optics. Based on a study of the inhibition of germination by protease inhibitors and the activity of a protease in germination spores and spore extracts, it is suggested that the activity of a trypsin-like enzyme may be involved in the mechanism of the breaking of dormancy in spores of B. cereus T.
Bacterial spores, when exposed to germinating agents, irreversibly lose their spore properties by an as yet obscure mechanism. However, it is generally accepted that germination occurs through a series of sequential rather than simultaneous steps (11, 13, 17) .
Once the initial "trigger reaction" has been activated, germination continues in the absence of the inducer (8) . By pH and temperature manipulations, as well as the use of specific inhibitors, this trigger reaction can be separated from the latter stages of germination (6, 21 26, 28) . According to Levinson and Hyatt (13) , after the initiation of the process of germination by the trigger reaction, the various spore properties are changed sequentially in the following order: loss of heat resistance, release of dipicolinic acid (DPA) and Ca2+ into the medium, increase in spore stainability, beginning of phase darkening and decrease of the optical density of spore suspension as cortex peptidoglycan is hydrolyzed and the products released to the medium, and finally, the onset of metabolic activity as measured by oxygen uptake.
A time lapse is detectable between the trigger reaction, which starts with the addition of the germinant, and the first visible changes observed microscopically in individual spores (loss of refractility). Based on these observations, Vary and Halvorson (27) divided germination into two processes: "microlag" and "microgermination." Additional evidence for the existence of sequential stages in germination stems from the use of inhibitors that stop the later stages of germination. Rossignol and Vary (20) reported that 1 mM HgCl2 permits the release of DPA and partial loss of refractility but prevents the restoration of oxygen uptake. Mutants have also been described which are blocked at various stages of germination (4, 16) . Some of these mutants undergo the early stages of germination, such as the loss of heat resistance and partial loss of refractility, but are inhibited or delayed in the degradation of the spore cortex and release of hexosamine-containing fragments (1, 30 (12, 23) . To test the hypothesis of the possible involvement of proteolytic enzymes in the early stages of germination, we investigated the effect of protease inhibitors and substrates on the germination process.
In this paper, "germination" includes only those biochemical reactions which are responsible for the irreversible loss of spore properties and which also occur in the presence of inhibitors of macromolecular synthesis and therefore are not dependent on new synthesis. We present evidence that (i) specific inhibitors of trypsinlike protease inhibit germination and probably interfere at some stage of the germination sequences between the trigger reaction and the loss of refractility and (ii) a trypsin-like proteolytic activity exists in germinating spores and spores extracts and is inhibited by the same compounds that inhibit germination. (10) .
Inhibitors and chemicals. The following compounds were of the highest purity commercially available: phenylmethylsulfonyl fluoride (PMSF), diisopropylfluorophosphate (DFP), soybean trypsin inhibitor, and tosyl-lysine-chloromethyl ketone (TLCK) (all purchased from Sigma Chemical Co., St. Louis, Mo.). Leupeptin and papain were supplied by one of us (W.T.). Chymostatin, pepstatin, and elastinal were purchased from Peptide Institute Inc., Osaka, Japan. Tosyl-arginine-methyl ester (TAME) was purchased from Schwarz/Mann, Orangeburg, N.Y. Dimethyl sulfoxide (DMSO) was purchased from Frutatom, and benzoyl-arginine p-nitroanilide (BANA) and lysozyme were purchased from Sigma Chemical Co. BANA and TAME show a single spot when analyzed in thin-layer chromatography on cellulose sheets (see below).
Protease assay in disrupted germinated spores. Disrupted spores were prepared as follows. Between 4 and 30 ml of spore suspension in water was heat shocked for 45 min at 60 to 70°C and germinated for 30 to 60 min at 37°C in a shaking bath in a medium containing, per milliliter, 100 ,umol of K+,Na+-phosphate buffer (pH 7.0), 2 x 109 spores, 2 mg of alanine, and 1 mg of adenosine. The germinated spores were suspended in 3 mM EDTA-0.05% ,3-mercaptoethanol (vol/vol)-0.2% Triton X-100 (vol/vol). In some experiments, germination was conducted in the presence of chloramphenicol (100 Rg/ml) to measure protease activity in normal or permeable spores in the absence of protein biosynthesis (19) . The entire mixture was then agitated in a B Braun rotator (Melsungen model 53030) in the cold with glass beads (0.10 to 0.11 mm; Braun Melsungen AG) for 20 to 30 s. This procedure was repeated six times. The degree of spore disintegration or permeation was only partial and varied in different experiments. Permeation to BANA was achieved by heat treatment and germination as described above; however, the mechanical breakage was accomplished in a French press with three cycles of rapid decompression from 7.35 kPa.
Trypsin-like activity was determined as follows. A final volume of 2.5 ml, containing 2 x 109 germinated spores and 50 RI of DMSO was incubated with the trypsin substrate BANA at 2 mM final concentration. The pH of the mixture was brought to 7.0 by the addition of 0.1 M K+, Na+-phosphate buffer or 0.1 M Tris-hydrochloride buffer (pH 7.1) and the suspension was incubated at 37°C for several hours. Color formation indicating trypsin-like activity was measured at 420 nm after centrifugation.
Qualitative protease assay with TAME as a substrate.
Heat-treated spores were incubated in a 200-RI final volume with 50 mM Tris-hydrochloride (pH 7.1) and 5 to 30 mM neutralized TAME. The mixture was incubated for 5 to 24 h at 37°C, and samples of 5 to 15 pul were withdrawn and spotted on thin-layer cellulose sheets (Nagel-Machery, Heidelburg, West Germany; CEL-400) with continuous drying. TAME was separated from its hydrolysis product tosyl-arginine (TA) by chromatography in butanol-pyridine-acetic acid-H20 Protease inhibitors of microbial origin. Umezawa has isolated a variety of low-molecular-weight protease inhibitors from streptomycetes (molecular weight, 400 to 700). Of these compounds, leupeptin and antipain are inhibitors of trypsin-like enzymes and cathepsins (trypsin, papain, plasmin, and cathepsin B), chymostatin inhibits chymotrypsin, elastinal inhibits elastase, and pepstatin inhibits acid proteases (25) . Of these compounds, only leupeptin and antipain inhibited germination.
At 30 mM, leupeptin inhibited both the rate and the extent of germination of spores of B. cereus T by over 80% (Fig. 1) . When the concentration was reduced to 7.5 mM, there was a smaller inhibitory effect. The Ki value of 11 mM was obtained from a Dixon plot (2) constructed by plotting reciprocals of germination first-order rate constant versus inhibitor concentration (Fig. 18) .
Antipain has a similar effect, although it is somewhat less inhibitory than leupeptin; 17 mM antipain inhibits germination by 50%. At similar concentrations, chymostatin, elastinal, and pepstatin had no effect on the kinetics or extent of germination.
These substances are known to be reversible protease inhibitors, and we found them to inhibit germination reversibly. Germination was completely inhibited by 40 mM leupeptin (Fig. 1) . When the suspension was diluted threefold, germination proceeded at 50% of the maximal rate (data not shown). The possibility that these peptides might compete for the site of the Lalanine-initiated trigger reaction was ruled out by the finding that increased amounts of Lalanine had no effect on the inhibitory properties of leupeptin or antipain (data not shown).
To demonstrate that the inhibition by the small-molecular-weight protease inhibitors is not due to nonspecific binding of positively charged lysine-or arginine-containing peptides or both to a nonenzymatic spore or membrane site, the effect of other similarly charged pep- tides was tested. Putrescine (50 mM), histone (20 mM), and spermidine (20 mM) had no effect on germination (data not shown). Effect of synthetic trypsin inhibitors and substrates. TAME is a synthetic substrate of trypsin which, by virtue of its relative high affinity (29) , should effectively compete with normal "natural" substrates of the putative spore protease(s). The effect of 40 mM TAME on germination of spores of B. cereus T is shown in Fig. 2A TAME inhibited germination for at least 4 h (Fig. 2B) . To test the specificity of TAME, it was first incubated for 90 min with trypsin (33 ,ug/ml) at 36°C (in 0.2 M phosphate buffer [pH 7.0]), and the digest was then tested at the same concentration (40 mM). As is also shown in Fig. SC , trypsin predigestion of TAME destroys its inhibitory effect (Fig. 2A) . The complete molecule, rather than its hydrolyzed products, is the effective inhibitor. Under these conditions trypsin catalyzed the conversion of TAME to TA.
Although trypsin iself has no effect on dormant spores, it probably cannot enter the spores because of its size (molecular weight, 25,000). Similarly, the failure of soybean trypsin inhibitor to effect the germination of spores of B. cereus may be due to its high molecular weight (21,000). TAME was slowly hydrolyzed when in contact with spores, leading to a loss of ability to inhibit germination. TAME (40 mM) inhibited germination for at least 4 h ( Fig. 2A and B), A B
whereas there was a slow recovery of germination from 10 mM TAME (Fig. 2B ). This suggests that TAME was hydrolyzed by germinating spores. To test this possibility, various concentrations of TAME were incubated for 5 h with spore suspensions, and the supernatant was spotted on thin-layer chromatography plates (see Materials and Methods). TAME was hydrolyzed by germinating spores at 37°C, as indicated by the appearance of TA (Fig. 2C) . The hydrolysis rate of TAME is higher at 10 mM substrate than at 30 mM, probably due to the known inhibition of protease action (22) . Quantitative estimations show that after 5 h of incubation of 10 mM TAME with spores, about 50 to 60% of the TAME was hydrolyzed. This slow decrease in TAME concentration could explain the slow rate of germination seen in the presence of 10 mM TAME (Fig. 2B ). TAME hydrolysis occurred only when it was added to germinated spores. In the absence of germinating agents, no TAME hydrolysis was observed.
The inhibitory effect of TAME on the rate and extent of germination of permeable and nonpermeable spores (see Materials and Methods) was proportional to TAME concentration in the range of 1 to 20 mM, provided the spore concentration was kept constant (Fig. 3A and C ).
An experiment with low concentrations of TAME is shown in Fig. 3A 108/ml) were germinated as described in the text. Symbols: 0, control without germination; 0, control of spores in germination medium only; A, spores in the presence of germination medium containing 40 mM TAME; A, spores in the presence of germination medium containing 40 mM TAME which had been incubated with trypsin (33 xLg/ml) at 36°C for 90 min. (B) Effect of low concentration of TAME on inhibition of germination. Experimental conditions were the same as in (A). Symbols: 0, control, germination medium without inhibitor; A, germination medium with 40 mM TAME; A, germination medium with 10 mM TAME; 0, no germination medium, water only. (C) Hydrolysis of TAME by germinated spores. Spores (2 x 108/ml) were incubated in germination medium (see text) with various concentrations of neutralized TAME as indicated. After 5 h of incubation at 37°C, ca. 0.1 ,umol was spotted on thin-layer chromatography plates, chromatographed, developed, and sprayed for TAME and TA as described in the text. Black areas represent deep red-violet spots, shaded areas represent intermediate red intensity, and white areas represent faint red, the color of the lower arginine-containing material.
VOL. 153, 1983 on December 18, 2017 by guest http://jb.asm.org/ Downloaded from were determined in the presence of to 10 mM TAME and were plotted reciprocally against TAME concentrations (Dixon plot), the inhibition constant was calculated to be 4 mM (Fig.  3C) . In non-permeabilized spores, this constant increases to 12 mM (Fig. 3C) .
The inhibitory effect of TLCK, a synthetic covalent modifier of the active site of trypsinlike enzymes (14) , inhibited germination (Fig.   3B ). In permeable spores, a Ki of 0.25 mM was obtained (Fig. 3D) ; in non-permeabilized spores, the Ki was 1.25 mM. Both TAME and TLCK entered permeabilized cells more efficiently than non-permeabilized spores. The inhibitory capacity of TAME or TLCK was not influenced by increasing the concentration of L-alanine, indicating that these compounds did not compete with L-alanine for the site of the trigger reaction.
Whereas TLCK is an irreversible inhibitor of trypsin, its effect on germination is reversible. When spores which have been preincubated with 1 to 5 mM TLCK are washed, they regain their normal germination capability. This reversible inhibition of the putative spore protease is discussed later.
Effectof various inhibitors on germination properties of spores. The germination properties of spores differ when inhibited by various compounds (Fig. 4) . DPA was excreted during germination in the presence of all inhibitors tested, but the amount varied from 10%o in spores exposed to TLCK to about 65% in spores exposed to TAME (Fig. 4C) .
The loss of heat resistance in spore suspensions exposed under germination conditions also was influenced by inhibitors. With leupeptin under germination conditions, between 60 and 90% of heat resistance was lost, whereas 40%o loss of heat resistance occurred in the presence of TLCK, and none occurred in the presence of TAME (Fig. 4) .
During germination, spores usually lose refractility, i.e., they turn from "phase bright" to ''phase dark" under phase-contrast microscopy. When incubated with leupeptin under germination conditions, they show an intermediary form: 85% of them turn phase grey, and the rest become phase dark. When germinating spores are exposed to TAME or TLCK, about 15% become phase grey, and the rest stay phase bright. Analogous phase grey germinated spores have been studied and are described in the literature (1, 9, 30) .
Direct demonstration of trypsin-like proteases in spores. To investigate directly the presence of trypsin-like proteases in spores, the hydrolytic activities on synthetic trypsin substrates was tested with intact and disintegrated spores. Qualitative results on the hydrolysis of TAME after incubation with germinated spores are giv-J. BACTERIOL. en above (Fig. 2C) . Since we could not quantitatively measure the rate of TAME hydrolysis, a synthetic trypsin substrate (BANA), which yields a colorimetric product, was also investigated. Neurath et al. (15) demonstrated that trypsin hydrolyzes BANA at a much slower rate than TAME. Since resting dormant spores have no effect on either BANA or TAME hydrolysis, spores were either germinated or germinated and mechanically disruptured before assay. As BANA itself inhibited germination either totally or for prolonged periods, the following procedure was employed. To 2.5 ml of variously treated germinated spore suspension, 1 to 2 mM L-BANA was added. As shown in Fig. 5 , a protease activity capable of hydrolyzing BANA can be seen in these crude germinated spore suspensions. Figure SA shows the time course of BANA hydrolysis catalyzed by an enzyme present in germinated spores as well as in mechanically disrupted spores. The BANA hydrolysis is slow and continuous for at least 48 h of incubation of 37°C. Most of the enzyme is retained in the partially broken spores and is not leached to the supematant (Fig. 5B) . With either BANA (Fig. SB) or TAME (Fig. SC) as substrates, the presence of chloramphenicol under a variety of conditions had little effect on the hydrolytic activity. Dormant spores did not hydrolyze TAME (Fig. SCa) or BANA. Thus, the protease is cryptic in dormant spores. Germination renders this enzyme available to substrates, e.g., TAME (Fig. 5Cc) . When excess TAME was used, germination was blocked, and little hydrolysis of TAME was observed (Fig. 2C) .
Since the sulfhydryl reagents N-ethylmaleimide and dithionitrobenzoic acid and a metal chelator (EDTA) had no effect on the hydrolysis of TAME by germinating spores (Fig. SC) , there was no evidence for a metal or an -SH group requirement for activity.
If the BANA-hydrolyzing trypsin-like enzyme were identical to the TAME-hydrolyzing enzymes and were involved in germination, one would expect its activity to be sensitive to the same inhibitors of trypsin-like protease which prevented germination. To test this relationship, spores were mechanically disintegrated (as described in Materials and Methods), and the rate of BANA hydrolysis was measured (Fig. SD) . As can be seen, TLCK, TAME, and leupeptin inhibited BANA hydrolysis. Because spore concentrations were about 10 times higher than in the germination experiments and the spores were only partially disintegrated, somewhat higher concentrations of inhibitors were used. For instance, with 25 mM TAME, 50% inhibition of protease activity occurred when measured by BANA hydrolysis, whereas the same degree of inhibition of germination occurred at about 13 mM. (A) ] in the presence of chloramphenicol (100 p.g/ml). After germination, the spores were washed in 0.1 M Tris buffer (pH 7.1) containing 500 ,ug of chloramphenicol per ml, and part of the spores were disrupted by means of a French press at 500 atm. French press-treated or untreated spores were then incubated for 24 h at 37°C with BANA as described in (A). a, Spores, French Press treated; b, supernatant of a; c, spores, germinated and French press treated and in the presence of 100 ,ug of chloramphenicol per ml; d, supernatant of c; e, germinated spores; f, spores germinated in the presence of 100 ,ug of chloramphenicol per ml. In all assays, 500 ,ug of chloramphenicol per ml was added with the BANA to prevent bacterial growth. A unit of protease was defined as an optical density of 0.25 at 420 nm after 24 h of incubation. (C) Hydrolysis of TAME by germinated spores. Spore suspension (80 mg) in 2 ml of water (5 x 1010 spores) was heat treated as in (A). Germination and TAME hydrolysis were performed at 109 spores per ml in 30 mM Tris-hydrochloride (pH 7.1), 1 mg of L-alanine per ml, 0.5 mg of adenosine per ml, 10 mM TAME, and reagents as indicated. After S h of incubation at 37°C, samples were removed for chromatographic separation (see text). The resistance and DPA has been lost, but preceding total loss of refractility. Antipain and leupeptin are reversible inhibitors of germination. TAME, which has a high affinity for trypsin, competitively inhibits hydrolysis of substrates of lower affinity and also inhibits germination. The inhibition by TAME is temporary due to its hydrolysis by germinating spores. Similar observations had been made with TAME as an inhibitor of clotting of fibrinogen by thrombin, leading to the conclusion that thrombin was a protease capable of hydrolyzing TAME (22 The experiments with TAME (a trypsin inhibitor) suggest that germination leads to activation of a proteolytic enzyme. This enzyme seems to be essential for normal germination because as long as it is inhibited by higher concentrations of TAME, germination is inhibited. As germination proceeds, TAME is hydrolyzed and inhibition of germination is relieved. Since experiments with chloramphenicol demonstrate that the TAMEhydrolyzing enzyme is not synthesized during germination, we assume that it is activated during this process, or as spores germinate, TAME becomes increasingly accessible to an intracellular enzyme. We have further shown that this enzyme is neither a metal-requiring nor an SHrequiring enzyme. Although the nature of the putative trypsin-like enzyme will require its isolation, its properties resemble those of the enzyme isolated by Srivastava and Aronson (24) from sporulating cells ofB. subtilis. The fact that this enzyme is not inhibited in its ability to hydrolyze TAME by EDTA or by inhibitors of SH groups, as well as the finding that it is inhibited by antipain and leupeptide but not chymostatin or elastinal, is consistent with the assumption that it is a trypsin-like enzyme.
DISCUSSION
Our data suggest that the inhibitors we used are not acting at the level of the trigger reaction, since the release of some (but not all) DPA occurs in spores exposed to all the different inhibitors under conditions of germination. Also, high levels of germinants do not compete for the site of the trigger reaction with the inhibitors. Furthermore, some (although not complete) inhibition of changes in refractility occur with all inhibitors. There is no direct correlation in the different experiments between loss of heat resistance and loss of DPA. This is in accordance with the findings of Hanson et al. (7) , recently repeated by Dring and Gould (3) , that DPA-negative mutants of B. cereus T may still be as heat resistant as the wild type.
All our inhibitors of trypsin-like proteases prevented the total loss of refractility, leading to various proportions of phase grey spores. These phase grey spores phenotypically resemble several germination mutants of B. cereus and B. subtilis (1, 28) . Such germination mutants frequently lose their heat resistance and produce spores interrupted during germination before the stage of complete excretion of hexosamine-containing cortex fragments (30) . In at least one case, such mutation was related to a defective protease (1) which may be responsible for defective coat processing, which in turn leads to interrupted germination. Still, a direct involvement of these proteases in the germination process cannot be eliminated. It is possible that activation of proteases during germination of dormant bacterial spores could remove an inhibitor of germination or activate a key enzyme required for completion of germination. Other mechanisms might also be responsible for interrupted germination at the stage of phase grey spores (30) . The mechanism of the trypsin-like protease action in germination of spores remains to be elucidated.
